OBJECTIVEdTo compare the pharmacokinetics and glucodynamics of three rapid-acting insulin analogs (aspart, glulisine, and lispro) injected subcutaneously with or without recombinant human hyaluronidase (rHuPH20).
R apid-acting insulin analogs with accelerated insulin absorption and metabolic effect relative to regular human insulin have been introduced over the past 15 years (1-3). These products allow improved control of postprandial hyperglycemia and reduce risk for nocturnal hypoglycemia (4, 5) . Even these rapid-acting analogs are too slow to allow optimum glycemic response when prandial insulin injection occurs immediately before a meal and a meal delay of 20 min or more is required to optimize postmeal glycemic response (6, 7) . In response, new ultra-rapid insulin products are undergoing development (8) .
Hyaluronidases have a long history of clinical use increasing the dispersion and absorption of subcutaneously administered drugs (9) . Recombinant human hyaluronidase (rHuPH20) accelerates the absorption and action of coinjected regular human insulin and the rapid-acting insulin analog lispro (8, 10, 11) . This study evaluated the pharmacokinetic (PK) and glucodynamic properties of three commercially available rapid-acting insulin analogs, lispro, aspart, and glulisine with or without rHuPH20.
RESEARCH DESIGN AND
METHODSdThis double-blind, sixway crossover study was conducted in 14 healthy fasting volunteers. The active comparators were 100 U/mL insulin lispro injection (Humalog; Lilly), insulin aspart injection (NovoLog; Novo Nordisk), and insulin glulisine injection (Apidra; sanofi-aventis). Investigational drugs were prepared by diluting each to 95 U/ mL with rHuPH20 for a final concentration of 5 mg rHuPH20/mL. All study drugs were injected subcutaneously (0.15 units/kg) in the abdomen in random sequence. Eight-hour euglycemic glucose clamps and statistical analyses were conducted as previously described (11, 12) and are described in detail (Fig. 1) . Mean duration of action, which is the equivalent glucose infusion measure to mean residence time for PK curves, measures the arithmetic mean or first moment of the glucose infusion rate (GIR) as a function of time curve, and like mean residence time is calculated as the area under the first-moment curve (product of time and GIR as a function of time) divided by the area under the GIR curve (total glucose infused).
RESULTSdFourteen subjects were enrolled and completed all six dosing visits. The subjects had a mean 6 SD age of 34 6 9 years and BMI 24.7 6 1.5 kg/ m 2 . Eight subjects were male. Ten were white, two were black, one was Asian, and one was Pacific Islander. Adverse events in this study were generally mild, primarily procedure related, and occurred at a similar low frequency regardless of the treatment. All injections were well tolerated, and no events were considered causally related to study drug exposure.
Total exposure was comparable with or without rHuPH20. Geometric mean ratios (90% CI) were 106% (96-118%), 112 (101-124%), and 101 (91-112%) for glulisine, lispro, and aspart, respectively, here and in subsequent listings. None of the differences was statistically significant, and because the 90% CIs for each analog with rHuPH20 were within the 80-125% range of control, the total exposure with or without rHuPH20 is considered bioequivalent (13) .
Insulin exposure was accelerated for all three analogs with rHuPH20 ( Fig. 1) . Time to 50% exposure (mean 6 SD) was decreased from approximately 2 h for the analogs alone to approximately 75 min when injected with rHuPH20 (124 6 27 to 79 6 19, 123 6 28 to 71 6 13, and 131 6 30 to 73 6 15 min; all P , 0.0001). The peak exposure (C max ) was greater and earlier (t max ) when each analog was injected with rHuPH20 (P , 0.0001 unless noted); geometric mean C max ratios were 158, 210, and 187%, and t max was reduced from 80 to 41, from 68 to 41 (P = 0.0032), and from 86 to 44 min. Early (first-hour) exposure was doubled with rHuPH20 (geometric ratios: 208, 291, and 266%) and halved beyond 2 h (58, 53, and 41%; all P , 0.0001).
The faster insulin PK led to an accelerated time-action profile for each analog when injected with rHuPH20 (Fig. 1) . The approximately 45-min acceleration of insulin exposure was mirrored with a corresponding acceleration of time to 50% glucose infused from approximately 3 h when injected alone to just more than 2 h with rHuPH20 (183 6 34 to 135 6 28, 186 6 38 to 140 6 28, and 186 6 34 to 127 6 32 min; all P , 0.0001). The accelerated time-action profiles with rHuPH20 had a 13-to 25-min faster onset of action (early T 50% GIR max ), 47 6 19 to 34 6 15 min (P = 0.0092), 51 6 21 to 35 6 8 min (P = 0.0022), and 58 6 16 to 33 6 10 min (P , 0.0001), and approximately 45-min shorter mean duration of action: 189 6 33 to 148 6 29, 194 6 35 to 154 6 28, and 194 6 32 to 145 6 29 min (all P , 0.0001).
The commercial rapid-acting analog products have generally comparable rapid PK and time-action profiles, although compared with the others glulisine, they did have a slightly faster onset (early t 50% ) of exposure (21 min for glulisine compared with 31 min [P = 0.0007] for lispro and 32 min [P = 0.0002] for aspart). rHuPH20 coinjection accelerated the absorption of each of the three analogs, producing a faster-in faster-out time-exposure profile, and a faster onset and shorter mean duration of insulin action. With rHuPH20, the now ultra-rapid PK and time-action profiles were also generally comparable for the three analogs. There were no meaningful differences between lispro plus rHuPH20 and aspart plus rHuPH20 for any PK or time-action parameter. Glulisine plus rHuPH20 had a similar profile, although it was somewhat broader, with both slightly greater early and slightly greater late insulin exposure; early t 50% was 10 min for glulisine plus rHuPH20, faster than aspart plus rHuPH20 (18 min; P = 0.005) and lispro plus rHuPH20 (19 min; P = 0.002), and late t 50% was 119 min for glulisine plus rHuPH20, slower than lispro plus rHuPH20 (90 min; P = 0.0034), and trending slower than aspart plus rHuPH20 (103 min; P = 0.10).
CONCLUSIONSdThe acceleration of insulin PK and time-action profiles by coinjection with rHuPH20 observed in this study confirms the results of previous studies with regular human insulin and lispro (8, 10, 11) and extends these findings to insulins aspart and glulisine. The ultra-rapid profiles described here could have benefits improving control of postprandial glycemic excursions, and administration of lispro plus rHuPH20 has been shown to reduce postprandial hyperglycemia relative to lispro alone dosing immediately before liquid meals in patients with type 1 and type 2 diabetes (14, 15) . Studies are currently underway to compare the utility of ultrafast aspart plus rHuPH20 and lispro plus rHuPH20 drug products with commercial Humalog as part of intensive basal-bolus insulin therapy in the treatment of type 1 and type 2 diabetes (NCT01194245 and NCT01194258, clinicaltrials.gov). , and 480 min after injection of each study drug for the measurement of serum insulin samples using a conventional competitive radioimmunoassay (Millipore, St. Charles, MO) using broad-spectrum antiserum (catalog 1013-K; Millipore) that binds each of the analogs and human insulin and was validated for each of the analogs individually. A Biostator was used to clamp blood glucose at 90% fasting level to suppress endogenous insulin production with tight blood glucose control (individual clamp glucose SDs were between 3.5 and 6.8 mg/dL). Results are displayed as a cumulative percent of the total exposure (left panel; see text for total exposure) and total glucose infused (right panel; mean 6 SD total glucose infused were 1.7 6 0.6, 1.7 6 0.6, 1.8 6 0.5, 1.7 6 0.5, 1.9 6 0.5, and 1.4 6 0.5 for glulisine, glulisine plus rHuPH20, lispro, lispro plus rHuPH20, aspart, and aspart plus rHuPH20, respectively).
